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HIGHLIGHTS 


•  The  porous  coral-like  Zn0.5Nio.5Co204  is  prepared  by  co-precipitation  method. 

•  The  preparation  method  has  mild  experiment  conditions  and  high  yield. 

•  The  coral-like  Zno.5Nio.5Co204  electrode  shows  excellent  electrochemical  performance. 
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A  novel  porous  coral-like  Zno.5Nio.5Co204  (ZNCO)  is  prepared  by  a  facile  co-precipitation  method  using 
oxalic  acid  as  complex  agent,  and  the  ZnCo204  (ZCO)  nanospheres  and  NiCo204  (NCO)  nanoflakes  are  also 
prepared  for  comparison.  The  obtained  products  are  systematically  characterized  by  powder  X-ray 
diffraction  (XRD),  field  emission  scanning  electron  microscopy  (FESEM),  transmission  electron  micro¬ 
scopy  (TEM),  and  X-ray  photoelectron  spectroscopy  (XPS).  The  results  demonstrate  that  the  controlled 
metallic  elements  doping  has  significant  effects  on  the  nanostructure  and  electrochemical  performance 
of  the  samples.  Compared  with  the  ZCO  nanospheres  and  NCO  nanoflakes,  the  coral-like  ZNCO  materials 
with  enough  free  space  as  anodes  in  lithium  ion  batteries  (LIBs)  exhibit  a  high  initial  coulombic  efficiency 
of  84%,  a  high  specific  capacity  of  -1445  mAh  g'1  at  a  current  rate  of  100  mA  g-1  after  50  cycles,  and 
-730  mAh  g-1  at  a  current  rate  of  1500  mA  g-1  after  200  cycles,  as  well  as  an  excellent  rate  capability  at 
elevated  current  rates,  such  as,  -1080  and  -425  mAh  g-1  at  current  rates  of  500  and  6000  mA  g_1, 
respectively.  This  work  presents  a  meaningful  way  for  the  preparation  of  mixed  metal  oxides  with  porous 
nanostructure  as  superior  anodes  for  lithium  ion  batteries. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  energy  storage  devices  with  renewable  energy 
sources  are  anticipated  to  deal  with  the  growing  energy  crisis  and 
various  environmental  problems.  In  recent  years,  Lithium  ion  bat¬ 
teries  (LIBs)  have  been  gradually  used  as  the  power  sources  for 
electric  vehicles  and  portable  electronic  devices  [1].  It  is  well 
known  that  the  vast  majority  of  commercial  anode  materials  used 
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for  LIBs  are  graphite.  However,  graphite  or  modified  graphite  ex¬ 
hibits  a  low  theoretical  specific  capacity  (372  mAh  g-1)  and  poor 
rate  capability  due  to  the  formation  of  LiC6  in  the  Li  intercalation 
process  [2].  With  the  increasing  demand  for  higher  energy  den¬ 
sities  LIBs,  it  is  essential  to  find  electrodes  with  high  theoretical 
specific  capacity,  excellent  cycling  performance,  and  good  rate 
capability. 

Nanostructured  binary  transition  metal  oxides,  such  as  FesCH  [3], 
CuO  [4],  ZnO  [5],  CoO  [6],  Co304  [7-10],  Sn02  [11,12],  Mn02  [13,14], 
have  been  widely  investigated  as  alternative  anode  materials  for  LIBs 
because  of  their  high  theoretical  specific  capacity 
(500-1000  mAh  g_1),  high  specific  surface  area  and  a  short  path 
length  for  Li+  diffusion  in  comparison  with  their  bulk  counterparts 
[  10,14  .  More  recently,  ternary  metal  oxides  from  combination  of  two 
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transition  metal  oxides,  or  a  transition  metal  oxide  and  a  post¬ 
transition  metal  oxide,  with  the  spinel  cubic  structure  of  AB2O4, 
such  as  ZnCo204  (ZCO,  975  mAh  g_1)  15,16  ,  Q1C02O4  [17,18], 
FeCo204  [19,20],  MgCo204  [20],  NiCo204(NCO,  780  mAhg-1)  [21,22], 
ZnFe204  [23,24  ,  CoM^CXi  [25],  and  ZnMn204  26,27  have  attracted 
much  attention  as  anode  materials  for  LIBs  due  to  the  complemen¬ 
tarities  and  synergies  between  the  two  metallic  elements  during  the 
process  of  Li  insertion  or  extraction  reactions  and  the  reversible  re¬ 
action  with  Li  giving  rise  to  high  storage  capacity  [28-30].  For 
example,  NCO  possess  a  much  better  electronic  conductivity,  at  least 
two  orders  of  magnitude  higher,  and  higher  electrochemical  activity 
and  more  multiple  oxidation  states/structures  than  those  of  nickel 
oxides  and  cobalt  oxides  [31  .  Among  these  transition  metal  oxides  or 
complex  metal  oxides,  ternary  cobalt-based  metal  oxides  have  been 
considered  as  an  attractive  anode  in  LIBs  owing  to  its  superiorities 
such  as  improved  reversible  capacities  and  enhanced  cycling  stabil¬ 
ity.  However,  the  intrinsically  low  conductivity  and  habitual  aggre¬ 
gation  of  these  binary  cobalt-based  metal  oxides  lead  to  low  initial 
coulombic  efficiency  and  rapid  capacity  fading,  which  remarkably 
limits  their  practical  application  [32,33  . 

Interestingly  enough,  according  to  the  previous  researches,  the 
approaches  of  metallic  elements  doping  and  conductive  carbon 
coating  have  been  proved  to  be  effective  measures  to  improve  the 
electric  conductivity  and  the  initial  coulombic  efficiency.  As  a 
result,  the  ternary  metal  oxides/carbon  composites  and  the  mixed 
metal  oxides  were  studied  extensively,  such  as  CoFe204/CNTs  [33], 
ZCO/carbon  cloth  [34],  NCO/graphene  [22  ,  ZnFe204/C  [35,36], 
CoFe204/C  [32,37,38  ,  Mno.5Coo.5Fe204  ,  Zni_xMnxFe204 
Nevertheless,  to  the  best  of  our  knowledge,  as  one  of  the  mixed 
metal  oxides,  Zno.sNio.sQ^CH  with  various  morphologies  are  rarely 
reported  as  anode  materials  for  LIBs. 

Herein,  a  novel  porous  coral-like  Zno.sNio.sQ^CH  (ZNCO, 
824  mAh  g'1)  was  obtained  by  a  typical  co-precipitation  method. 
Compared  with  other  common  synthesis  methods,  such  as  hydro- 
thermal  method,  electrospinning  method  and  high  temperature 
solid  state  method,  the  co-precipitation  method  is  more  suitable  for 
industrial  production  due  to  its  low-cost,  environment-friendly 
experiment  conditions  and  high  yield  (-90%).  Meanwhile,  the 
electrodes  of  the  mesoporous  ZCO  nanospheres  and  the  porous 
NCO  nanoflakes  were  synthesized  by  the  same  method  under  the 
same  experimental  conditions  in  order  to  compare  with  the  ZNCO 
electrodes.  As  a  result,  the  porous  coral-like  ZNCO  shows  higher 
reversible  capacity,  better  rate  performance  and  higher  initial 
coulombic  efficiency  compared  with  the  other  two  electrodes  when 
used  as  anode  materials  for  LIBs.  This  work  would  be  meaningful  in 
the  preparation  of  complex  oxides  with  porous  nanostructure  as 
anodes  for  LIBs. 

2.  Experimental 

2.1.  Preparation  of  the  electrode  materials 

The  coral-like  ZNCO  with  porous  nanostructure  was  synthesized 
by  a  typical  co-precipitation  method  using  hydrated  cobalt  chloride 
(C0CI2  6H2O,  Aladdin,  99.9%),  zinc  chloride  (ZnCl2  -6H20,  Aladdin, 
99.9%)  and  nickel  chloride  (NiCl2-6H20,  Aladdin,  99.9%)  as  raw 
materials,  the  deionized  water  (DI)  and  ethylene  glycol  (EG) 
(C2H6O2,  Aladdin,  99.0%)  as  solvent,  and  the  oxalic  acid  (C2H2O4, 
Aladdin,  99.9%)  as  complex  agent.  In  a  typical  synthesis,  12  mmol  of 
C2H2O4  was  dissolved  in  a  mixture  solution  containing  20  mL  DI 
and  40  mL  EG  with  constant  stirring  at  80  °C  for  10  min.  Then  30  mL 
of  a  mixture  solution  containing  0.2  M  C0CI2  6H2O,  0.05  M 
ZnCl2  -6H20  and  0.05  M  NiCl2-6H20  was  dropped  into  the  above 
solution  and  the  pH  was  adjusted  to  7  by  adding  ammonium  hy¬ 
droxide  (NH3  H2O,  Aladdin,  25%)  under  continuous  stirring.  The 


resultant  mixture  turned  into  a  turbid  suspension  and  a  pale  pink 
precipitate  after  stirred  for  1  h  at  80  °C.  The  precipitate  was 
collected  by  centrifugation,  washed  by  DI  for  several  times  and 
dried  at  120  °C  for  10  h  in  an  electric  oven  followed  by  natural 
cooling.  Finally,  the  as-synthesized  precursor  was  further  calcined 
at  450  °C  with  a  temperature  rate  of  2  °C  min-1  and  kept  at  the 
same  temperature  for  4  h  in  air  to  get  the  final  products. 

Meanwhile,  a  controlled  experiment  was  also  carried  to  syn¬ 
thesize  the  porous  electrode  materials  of  ZCO  and  NCO  at  the  same 
experimental  conditions,  which  was  employed  for  the  comparison 
in  the  electrochemical  measurement. 

2.2.  Material  characteristics  and  electrochemical  characteristics 
testing 

The  crystal  structure  and  morphology  of  as-prepared  products 
were  characterized  by  powder  X-ray  diffraction  (XRD;  PANalytical 
X’Pert  PRO,  Cu/Ka  radiation,  A  =  1.5418  A)  and  field  emission 
scanning  electron  microscopy  (FESEM;  ZEISS  ULTRA  55).  The 
chemical  components  of  the  products  were  measured  with  an 
energy  dispersive  X-ray  spectrometer  (EDS).  The  microstructures  of 
the  as-prepared  products  were  observed  by  transmission  electron 
microscopy  (TEM;  JEM-2100HR).  Surface  analyses  of  samples  were 
carried  out  with  X-ray  photoelectron  spectroscopy  (XPS,  ESCALAB 
250  with  150  W  Al  Ka  probe  beam).  All  binding  energies  were 
referenced  to  the  C  Is  peak  (284.6  eV).  The  specific  Bru- 
nauer-Emmett-Teller  (BET)  surface  area  was  determined  by  N2 
adsorption/desorption  on  a  Coulter  SA  3100  surface  area  analyzer. 
Thermogravimetric  (TG)  curves  of  the  precursors  were  carried  out 
on  a  Perkin-Elmer  TGA  7. 

The  electrochemical  performance  was  measured  using  CR2430 
button  cells.  The  working  electrode  was  made  by  mixing  80  wt.% 
as-prepared  material,  10  wt.%  Super  P  as  conducting  agent,  10  wt.% 
polyvinylidene  fluoride  (PVDF)  as  binder  and  N-methyl-2- 
pyrrolidone  (NMP)  as  solvent.  The  electrode  slurry  was  well 
dispersed  via  related  techniques  and  spread  onto  copper  foils 
(10  pm).  After  drying  in  vacuum  at  80  °C  for  12  h,  the  electrodes 
were  pressed  and  punched.  The  average  mass  loading  of  the  elec¬ 
trodes  was  approximately  2.25  mg.  And  the  electrode  density  was 
calculated  to  8.85  x  10~4  g  cm-2.  CR2430  button  cells  were 
assembled  in  an  argon-filled  glove  box  using  1  M  LiPF6  in  a  mixture 
of  EC/DEC/EMC  (1:1:1  by  volume,  provided  by  Chei  Industries  Inc., 
South  Korea)  as  the  electrolyte,  Celgard-2400  as  the  separator  and 
metallic  lithium  foil  as  the  counter  and  reference  electrode.  The 
galvanostatic  discharge-charge  performance  and  the  rate  perfor¬ 
mance  were  tested  by  LAND  CT2001A  batteries  testing  system.  The 
cyclic  voltammetry  (CV)  was  carried  out  on  Solartron  1470E  elec¬ 
trochemistry  system. 

3.  Results  and  discussion 

3.1.  Phase  composition  and  microstructures 

The  composition  and  phase  purity  of  the  as-prepared  products 
were  first  examined  by  XRD.  Fig.  1(a)  shows  the  powder  XRD  pat¬ 
terns  of  the  coral-like  ZNCO,  ZCO  nanospheres  and  NCO  nanoflakes. 
It  can  be  seen  that  all  diffraction  peaks  of  the  ZCO  nanospheres 
observed  from  XRD  are  well  consistent  with  the  standard  values  of 
the  spinel  ZCO  with  cubic  structure  (JCPDS  Card  No.  23-1390).  The 
observed  diffraction  peaks  at  20  values  of  18.9°,  31.2°,  36.8°,  38.5°, 
44.8°,  55.6°,  59.3°,  and  65.2°  correspond  to  the  lattice  planes  of 
(111 ),  (220),  (311 ),  (222),  (400),  (422),  (511 ),  and  (440),  respectively. 
And  the  resembling  XRD  patterns  are  also  observed  in  ZNCO  and 
NCO,  which  reveals  that  the  ZNCO,  ZCO  and  NCO  are  of  the  same 
cubic  spinel  structure.  It  can  be  seen  from  the  inset  pattern  which 
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Fig.  1.  (a)  XRD  diffraction  patterns  of  as-prepared  ZCO,  ZNCO,  and  NCO,  respectively, 
(b)  EDS  microanalysis  of  selected  ZCO,  ZNCO,  and  NCO  nanoparticles,  respectively.  The 
inset  of  (a)  shows  the  partial  enlarged  pattern  of  (311)  lattice  plane. 


shows  the  partial  enlarged  view  of  (311)  lattice  planes  of  NCO, 
ZNCO  and  ZCO  that  the  20  values  of  diffraction  peaks  are  about 
36.76°,  36.80°  and  36.86°,  respectively.  Obviously,  the  diffraction 
peak  of  ZNCO  is  located  between  NCO  and  ZCO,  which  is  consistent 
with  the  theoretical  basis.  The  lattice  parameter  values  (a  =  b  =  c) 
of  the  coral-like  ZNCO,  ZCO  nanospheres  and  NCO  nanoflakes  are 
8.107  A,  8.099  A  and  8.113  A,  respectively.  And  the  values  are 
approximate  to  the  reported  values  of  ZCO  (8.095  A)  and  NCO 
(8.110  A).  No  other  detectable  peaks  from  impurities  are  observed 
in  the  spectrum,  which  indicates  that  the  as-synthesized  products 
are  not  the  compounds  of  zinc  oxide,  nickel  oxide  or  cobalt  oxide. 
The  average  crystallite  sizes  of  ZNCO,  ZCO  and  NCO  are  -22.9  nm, 
-21.1  nm  and  -25.3  nm,  which  are  calculated  by  Scherrer  equation 
using  all  diffraction  peaks  among  the  XRD  patterns.  Additionally,  in 
order  to  quantify  the  atomic  ratio  of  Zn,  Ni  and  Co,  the  as-prepared 


ZNCO,  ZCO  and  NCO  were  further  analyzed  by  EDS.  As  shown  in 
Fig.  1(b),  the  elements  of  Zn,  Ni,  Co,  O  can  be  seen  clearly  and  the 
atomic  ratios  of  Zn,  Ni,  Co  exhibited  in  the  EDS  patterns  are  close  to 
the  presumed  stoichiometric  ratios. 

The  XPS  was  carried  out  to  obtain  further  information  about  the 
phase  purity,  chemical  composition  and  the  chemical  bonding  state 
of  as-prepared  ZNCO,  as  shown  in  Fig.  2.  All  of  the  binding  energies 
obtained  in  the  XPS  analysis  were  corrected  for  specimen  charging 
by  referencing  the  C  Is  peak  to  284.6  eV  Fig.  2(a)  shows  a  typical 
survey  XPS  spectrum  and  indicates  the  presence  of  Zn,  Co,  Ni  and  O, 
as  well  as  C  from  the  reference,  and  the  absence  of  other  impurities. 
Fig.  2(b)  depicts  a  high-resolution  XPS  spectrum  of  Co  2p,  where 
two  spin-orbit  lines  centered  at  779.7  eV  and  794.7  eV  can  be 
ascribed  to  Co  2p3/2  and  Co  2pi/2  orbits,  respectively  [40-42].  There 
are  also  two  shakeup  satellites  (identified  as  “Sat.”).  After  refined 
fitting,  the  spectrum  can  be  mainly  deconvolved  into  four  peaks. 
Among  them,  the  two  peaks  at  779.6  eV  and  794.6  eV  can  be 
attributed  to  the  existence  of  Co3+,  while  the  other  two  peaks  at 
781.1  eV  and  795.9  eV  are  characteristic  of  Co2+.  The  Zn  2p  high- 
resolution  spectrum  (Fig.  2(c))  consists  of  two  major  peaks 
located  at  1020.6  eV  and  1043.7  eV,  which  are  assigned  to  Zn2+ 
with  Zn  2p3/2  and  Zn  2pi/2  orbits,  respectively  [43  .  It  is  similar  to 
the  Co  2p  spectrum.  The  spectrum  of  Ni  2p  consists  of  two  spin- 
orbit  doublets  at  855.2  eV  and  872.4  eV  characteristic  of  Ni2+  and 
Ni3+  and  two  shakeup  satellites  (Fig.  2(d))  [40].  Therefore,  it  is 
reasonable  to  conclude  that  the  elements  of  Zn,  Co  and  Ni  present 
as  the  form  of  Zn2+,  Co2+,  Co3+,  Ni2+  and  Ni3+  in  the  coral-like 
ZNCO  nanospheres.  In  addition,  the  Zn,  Ni  and  Co  atomic  ratio  of 
the  ZNCO  nanospheres  calculated  by  the  area  of  deconvoluted 
peaks  is  about  0.58  :  0.53  :  2,  which  is  well  consistent  with  the  EDS 
analysis  result  and  the  presumed  stoichiometry. 

The  ZCO  nanospheres,  coral-like  ZNCO  and  NCO  nanoflakes 
were  prepared  by  co-precipitation  method  followed  by  calcina¬ 
tions.  The  morphologies  of  the  obtained  samples  were  investigated 
by  SEM.  Fig.  3a  &  b  show  the  different  magnification  SEM  images  of 
the  as-synthesized  ZCO.  It  can  be  seen  from  Fig.  3(a)  that  the  ZCO 
products  are  composed  of  nanospheres  with  a  diameter  of 
0.5-1.5  pm.  A  presentative  individual  nanosphere  selected  from 
Fig.  3(a)  (in  the  web  version)  (marked  with  red  box)  is  shown  in 
higher-magnification  Fig.  3(b),  where  the  nanosphere  with  meso- 
porous  nanostructure  is  actually  composed  of  nanoparticles  with 
an  average  size  of  10-30  nm.  Fig.  3(c  &  d)  show  the  different 
magnification  SEM  images  of  the  as-synthesized  ZNCO.  The  ZNCO 
presents  a  porous  coral-like  nanostructure  (Fig.  3(c)).  In  order  to 
obtain  further  information  about  the  morphologies  and  micro¬ 
structures  of  ZNCO,  Fig.  3(d)  shows  the  higher-magnification  SEM 
of  selected  region.  Obviously,  the  porous  coral-like  nanostructure  is 
made  up  of  a  series  of  dendrite-like  ZNCO  which  is  connected  by 
nanoparticles  with  a  mean  size  of  10-30  nm.  In  Fig.  3(e  &  f),  the 
NCO  shows  a  porous  architecture  with  NCO  nanoflakes  stood 
together  freely.  Carefully,  we  can  find  that  the  NCO  nanoflakes  with 
a  thickness  of  30-80  nm  are  composed  of  uniform  NCO  nano¬ 
crystals  with  an  average  diameter  of  10-30  nm,  and  many  nano¬ 
pores  are  shown  in  the  NCO  nanoflakes,  which  maybe  ascribe  to  the 
decomposition  of  NCO  precursor  to  NCO.  Herein,  the  same  process 
was  adopted  to  prepare  the  above  three  electrodes  with  different 
morphologies,  which  maybe  majorly  ascribed  to  the  large  differ¬ 
ences  of  metallic  atom  ratio  among  the  three  electrodes.  Moreover, 
several  previous  papers  also  gave  the  same  results  that  the  mea¬ 
sures  of  stoichiometric  ratio  modification  and  metallic  elements 
doping  have  effects  on  the  morphologies  of  the  as-prepared 
products  in  the  same  process  [44-46]. 

In  addition,  the  specific  surface  area  of  ZCO  nanospheres,  coral¬ 
like  ZNCO  and  NCO  nanoflakes  measured  by  the  Bru- 
nauer-Emmett-Teller  (BET)  method  is  22.9,  34.8,  51.0  m2  g-1, 
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Fig.  2.  XPS  spectra  for  the  coral-like  ZNCO:  (a) 
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respectively.  Therefore,  according  to  the  SEM  images  and  the  BET 
values  of  ZCO  nanospheres,  coral-like  ZNCO  and  NCO  nanoflakes,  it 
is  reasonable  to  conclude  that  the  specific  surface  area,  free  space 
and  pore  size  of  the  as-prepared  products  rise  apparently  with  the 
doping  of  element  Ni.  Moreover,  the  architecture  of  as-prepared 
products  tends  to  randomness.  The  electrode  materials  with  high 
specific  surface  area  and  adequate  free  spaces  are  conducive  to  the 
alleviation  of  volume  changes  and  the  rapid  transmission  of  Li+ 
during  Li  insertion  and  extraction  which  are  important  to  the 
excellent  electrochemical  performance. 

TEM  was  used  to  further  investigate  the  detailed  microstructure 
of  the  synthesized  ZNCO  material.  Fig.  4(a  &  b)  further  confirm  the 
porous  coral-like  nanostructure  of  the  as-prepared  ZNCO,  which  is 
composed  of  nanoparticles  with  a  diameter  of  10-30  nm.  And  the 
result  is  similar  to  the  above  SEM  observation.  A  presentative  high- 
resolution  TEM  (HRTEM)  image  selected  from  the  marked  area 
(Fig.  4(b))  is  shown  in  Fig.  4(c),  which  further  demonstrates  the 
high  crystallinity  of  as-prepared  ZNCO  for  its  distinct  lattice  fringes. 
The  insert  pictures  of  Fig.  4(c)  show  the  magnification  images  of  the 
selected  regions  (marked  with  white  cycles)  in  Fig.  4(c).  The  dis¬ 
tance  between  adjacent  lattice  fringes  is  measured  at  about  2.43  A, 
4.69  A  and  2.86  A,  which  is  close  to  the  reported  d-values  between 
the  (311)  planes,  (111)  planes  and  (220)  planes  of  spinel  cubic  ZCO 
or  NCO.  Therefore,  it  is  reasonable  to  deduce,  combining  with  the 
analysis  of  the  XRD  spectrum,  that  the  lattice  fringes  mentioned 
above  correspond  to  the  (311 )  planes,  (111 )  planes  and  (220)  planes 
of  as-prepared  spinel  cubic  ZNCO.  The  crystal  structural  of  ZNCO 
products  was  further  determined  according  to  the  selected  area 
electron  diffraction  (SAED)  pattern  shown  in  Fig.  4(d),  indicating  a 
polycrystalline  nature  for  the  coral-like  ZNCO,  and  all  the  diffrac¬ 
tion  rings  can  be  indexed  as  (111),  (220),  (311),  (400),  (511)  and 
(440)  from  the  inside  out,  respectively. 


Fig.  5  shows  the  thermal  property  of  all  the  precursors  charac¬ 
terized  by  thermogravimetric  (TG)  technique  from  room  tempera¬ 
ture  to  600  °C  at  a  heating  rate  of  5  °C  min”1  in  flowing  air 
atmosphere.  It  can  be  seen  clearly  that  all  the  TG  curves  exhibit  two 
distinct  weight  loss  steps.  The  first  -20%  weight  loss  between  100 
and  180  °C  can  be  attributed  to  the  evaporation  of  moisture  and  the 
decomposition  of  crystal  water  in  the  precursors,  while  the  slight 
weight  loss  between  180  and  260  °C  in  the  TG  curves  maybe  ascribed 
to  the  decomposition  of  a  small  amount  of  organic  species  adsorbed 
on  the  surfaces  of  the  precursors.  The  following  -40%  weight  loss 
occurs  at  260-340  °C,  which  is  assigned  to  the  conversion  of  anhy¬ 
drous  precursors  to  spinel  cubic  crystals.  It  is  obvious  that  the 
decomposition  temperature  of  ZCO  nanospheres  is  higher  than  the 
precursors  of  coral-like  ZNCO  and  NCO  nanoflakes,  which  is  possibly 
owing  to  the  different  nanostructures  of  the  precursors.  There  is 
almost  no  weight  loss  between  340  and  600  °C  in  the  TG  curves  and 
the  final  residue  of  spinel  cubic  crystals  is  about  -40%.  Furthermore, 
the  final  residual  mass  of  ZCO,  ZNCO  and  NCO  decreases  slightly  for 
the  difference  between  the  relative  molecular  mass  of  Zn  and  Ni. 
Therefore,  it  can  be  concluded  that  the  thermal  temperature  (450  °C) 
is  enough  to  remove  the  complex  agent  among  the  precursors 
completely  and  obtain  crystals  with  high  crystallinity.  The  values  of 
two  weight  loss  steps  mentioned  above  are  well  consistent  with  the 
theoretical  values.  The  decomposition  of  Zni_xNixCo2(C204)3-6H20 
(0  <  x  <  1 )  can  be  expressed  as  the  following  reactions  [44]: 

Zni_xNixCo2(C204)3  6H2O  =  Zni_xNixCo2(C204)3  +  6H20f 

(1) 

Zn!  _*NixCo2  (C204  )3  +  O2  =  Zn!_xNixCo204  +  4CO2T  +2COf 

(2) 
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Fig.  3.  Typical  SEM  profiles  of  ZCO  nanospheres  (a  &  b),  coral-like  ZNCO  (c  &  d),  and  NCO  nanoflakes  (e  &  f),  respectively. 


Fig.  4.  TEM  images  of  the  coral-like  ZNCO:  (a  &  b)  full  size,  (c)  HRTEM,  (d)  SAED,  the  insert  pictures  is  partial  enlarged  view  of  (c). 
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Fig.  5.  TG  curves  for  the  as-prepared  ZCO,  ZNCO,  and  NCO  precursors,  respectively. 


3.2.  Electrochemical  analysis 

To  survey  the  applicability  of  the  as-prepared  samples  as  anode 
materials  for  LIBs,  the  electrochemical  performance  of  the  anode 
materials  was  investigated.  The  galvanostatic  discharge-charge 
profiles  for  the  first  two  cycles  at  a  current  density  of  100  mA  g-1 
in  the  voltage  range  of  0.01-3.0  V  are  exhibited  in  Fig.  6(a).  It  can  be 
seen  that  the  discharge-charge  curves  of  ZCO,  ZNCO  and  NCO 
present  the  similar  shape.  The  first  discharge  curves  exhibit  a  long 
voltage  plateau  at  1.0-0.9  V,  followed  by  sloping  down  to  the  cutoff 
voltage  of  0.01  V,  while  the  2nd  discharge  cycles  produce  a  sloping 


potential  plateau  beginning  at  -1.35  V  which  is  higher  than  the  1st 
cycles  and  the  gradient  of  discharge  plateau  becomes  steeper.  At 
the  same  time,  it  can  be  seen  that  the  discharge-charge  voltage 
plateaus  are  well  consistent  with  the  peaks  in  the  CV  curves  as 
shown  in  Fig.  6(b-d).  The  initial  discharge  specific  capacities  are 
-1295  mAh  for  ZCO.  -1326  mAh  g_1  for  ZNCO  and 
-1348  mAh  g-1  for  NCO,  corresponding  to  initial  coulombic  effi- 
ciencies  of  about  79%,  84%  and  81%,  respectively.  It  has  been  proved 
that  the  initial  capacity  loss  is  related  to  the  formation  of  a  solid 
electrolyte  interphase  (SEI)  film  on  the  surface  of  active  materials 
[34,47],  the  reduction  of  metal  oxide  to  metal  with  L^O  formation 
[44],  and  the  decomposition  of  electrolyte.  Meanwhile,  all  the  first 
discharge  capacities  are  much  higher  than  the  theoretical  capacity 
(900-1000  mAh  g'1),  which  may  be  ascribed  to  the  formation  of 
SEI  film  and  organic  polymeric/gel-like  layer  by  electrolyte 
decomposition  [48,49  .  Furthermore,  the  interfacial  storage  origi¬ 
nated  from  the  obtained  porous  structures  is  considered  to  be 
responsible  for  the  high  extra  capacity  [18,50  .  In  conclusion,  the 
initial  specific  capacity  and  the  initial  coulombic  efficiency  of  the 
as-prepared  ZNCO  electrodes  present  a  higher  value  compared 
with  the  electrodes  of  ZCO  and  NCO  owing  to  the  complementar¬ 
ities  and  synergies  among  different  metallic  elements  in  the  Li 
discharge-charge  process,  which  means  that  ZNCO  electrodes 
possess  a  much  better  electronic  conductivity  and  higher  electro¬ 
chemical  activity  than  those  of  ZnO,  NiO  and  C03O4  owing  to  the 
relatively  low  activation  energy  for  electron  transfer  between  cat¬ 
ions,  and  ZNCO  is  expected  to  offer  richer  redox  reactions  than  the 
three  corresponding  single  component  oxides  [30,31,51,52  . 

Fig.  6(b-d)  show  the  1st,  2nd,  and  10th  CV  curves  of  the  ZNCO, 
ZCO  and  NCO  electrodes  at  a  scan  rate  of  0.1  mV  s_1  in  the  potential 
range  of  0.01-3.0  V  versus  Li/Li+,  respectively.  During  the  first  cy¬ 
cle,  for  the  CV  curves  of  ZNCO  shown  in  Fig.  6(b),  there  is  a 
reduction  peak  observed  at  -0.6  V,  which  is  substantially  different 


Fig.  6.  (a)  Discharge-charge  profiles  of  as-prepared  ZCO,  ZNCO,  and  NCO  electrodes  in  the  1st  and  2nd  cycles  at  a  constant  current  of  100  mA  g  \  respectively.  CV  profiles  of  as- 
prepared  ZNCO  (b),  ZCO  (c),  and  NCO  (d)  electrodes  in  the  1st,  2nd,  and  10th  cycles  at  a  scan  rate  of  0.1  mV  s'1  between  0.01  and  3.0  V,  respectively. 


X.  Song  et  al.  /  Journal  of  Power  Sources  269  (2014)  795-803 


801 


from  the  followed  cycles  onwards.  The  reduction  peak  at  ~0.6  V  can 
be  attributed  to  the  reduction  of  ZNCO  to  Zn,  Ni  and  Co,  and  the 
formation  of  L^O  corresponding  to  the  electrochemical  Li  insertion 
reaction  of  Eq.  (3).  The  reduction  peak  at  <0.4  V  corresponding  to 
the  formation  of  LiZn  for  Zn  react  with  Li  can  be  barely  seen.  While, 
in  the  first  cycle  of  ZCO  shown  in  Fig.  6(c),  there  exists  a  measurable 
reduction  peak  at  <0.4  V  compared  with  the  first  cycle  CV  of  ZNCO, 
which  is  owing  to  the  electrochemical  Li  insertion  reaction  of  Eq. 
(4).  Two  oxidation  peaks  can  be  ascribed  to  the  removal  of  Li  and 
the  formation  of  NiO  at  -1.6  V,  ZnO  at  -1.8  V  and  C03O4  at  -2.1  V 
[18,53,54],  corresponding  to  the  electrochemical  Li  extraction  re¬ 
actions  of  Eqs.  (5)-(8).  The  peaks  at  -1.6  V  and  at  -1.8  V  are  almost 
merged  into  one  flat  peak  for  the  closeness  between  them.  In  the 
2nd  and  10th  cycles,  the  reduction  peak  at  -0.6  V  in  the  1st  cycle 
moves  to  -1.0  V  due  to  less  or  no  formation  of  SEI  film  and  irre¬ 
versible  reduction  reaction  55,56],  while  the  two  oxidation  peaks 
are  almost  no  shift  and  overlap  very  well  from  1st  to  10th. 
Furthermore,  the  CV  curves  of  the  subsequent  cycles  after  the  first 
cycle  overlap  very  well,  indicating  good  electrochemical  revers¬ 
ibility  in  the  Li  insertion  and  extraction  reactions,  and  the  stability 
of  the  assembled  structure.  As  to  the  CV  curves  of  ZCO  and  NCO 
shown  in  Fig.  6(c  and  d),  compared  with  the  CV  curves  of  ZNCO,  the 
reduction  peaks  in  the  first  cycle  drift  slightly  (-0.1  V),  respectively. 
However,  with  the  doping  of  Ni,  the  oxidation  peaks  at  -1.6  V 
become  more  and  more  apparent  while  the  peaks  at  -1.8  V  disap¬ 
pear  slowly.  According  to  the  previous  researches  of  ZCO  and  NCO 
[19,48,55-57],  the  discharge  and  charge  processes  are  believed  to 
proceed  as  follows: 

Zn05Ni0  5C02O4  +  8Li+  +  8e~  —  1  /2Zn  +  1  /2Ni  +  2Co  +  4Li20 


(3) 

Zn  +  Li+  +  e~  <-  LiZn  (4) 

Ni  +  Li20<->NiO  +  2Li+  +  2e~  (5) 

Zn  +  Li20  <-  ZnO  +  2Li+  +  2e~  (6) 

Co  +  Li20*->CoO  +  2Li+  +  2e~  (7) 

CoO  +  1  /3Li20<->!  /3Co304  +  2/3Li+  +  2/3e“  (8) 


Fig.  7(a)  shows  the  cycling  performance  and  the  coulombic  ef¬ 
ficiency  of  ZCO  nanospheres,  coral-like  ZNCO  and  NCO  nanoflakes 
at  a  current  density  of  100  mA  g-1.  For  the  initial  20  cycles  except 
the  1st  cycle,  it  can  be  observed  that  the  reversible  capacities  of  all 
the  electrodes  are  gradually  increasing.  This  phenomenon  may  be 
ascribed  to  the  formation  of  a  polymeric  surface  film  attached  to 
the  active  material  55,58,59  .  The  similar  issue  is  also  mentioned  in 
previous  papers  and  all  of  them  offer  the  same  explanations 
[34,55,60].  After  50  cycles,  coral-like  ZNCO  demonstrates  the 
highest  reversible  discharge  capacity  of  -1445  mAh  g_1  as 
compared  to  ZCO  nanospheres  with  discharge  capacity  of 
-1426  mAh  g-1  and  NCO  nanoflakes  with  discharge  capacity  of 
-451  mAh  g_1.  Meanwhile,  Fig.  7(a)  presents  the  coulombic  effi¬ 
ciencies  in  the  processes  of  discharge-charge.  The  initial  coulombic 
efficiency  of  the  coral-like  ZNCO  is  84.2%,  and  it  can  achieve  as  high 
as  97%  from  5th  to  50th  cycle,  which  demonstrates  the  good  elec¬ 
trochemical  performance  once  again.  These  results  prove  that  the 
appropriate  doping  of  element  Ni  in  the  ZCO  electrodes  substan¬ 
tially  enhance  the  capacity  and  cycling  properties  of  the  electrodes. 
In  conclusion,  the  coral-like  ZNCO  electrodes  with  good  reversible 
capacity  and  cycling  stability  can  be  explained  by  the  reason  that 
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Fig.  7.  (a)  Cycling  performance  of  as-prepared  ZCO,  ZNCO,  and  NCO  electrodes  for  the 
first  50  cycles  and  the  corresponding  coulombic  efficiency  at  a  constant  current  of 
100  mA  g-1,  respectively,  (d)  Rate  performance  of  as-prepared  ZCO,  ZNCO,  and  NCO 
electrodes  at  current  densities  of  500,  1000,  2000,  4000,  and  6000  mA  g  \ 
respectively. 


the  porous  coral-like  nanostructure  built  up  by  dendrite-like  ZNCO 
has  high  specific  surface  area  and  sufficient  free-spaces,  and  that 
the  ZNCO  particles  used  to  compose  the  dendrite-like  ZNCO  are 
nanosize  [61,62].  In  addition,  the  complementarities  and  synergies 
between  different  metallic  elements  in  the  Li  discharge-charge 
process  are  also  beneficial  to  the  excellent  electrochemical  perfor¬ 
mance  [30  .  Moreover,  the  element  Ni  doping  can  be  helpful  to 
alleviate  volume  expansion  during  the  processes  of 
charge-discharge. 

To  further  confirm  the  good  performance  of  as-prepared  coral¬ 
like  ZNCO,  the  rate  capability  of  the  ZCO,  ZNCO  and  NCO  at 
different  current  densities  ranging  from  500  to  6000  mA  g-1  is 
shown  in  Fig.  7(b).  The  specific  capacity  decreases  from  -1010  to 
-410  mAh  g-1  for  ZCO,  from  -1080  to  -425  mAh  g_1  for  ZNCO  and 
from  -1060  to  -110  mAh  g-1  for  NCO  when  the  current  density 
increases  from  500  to  6000  mA  g-1,  respectively.  The  specific 
capacity  of  coral-like  ZNCO  rebounds  to  -985  mAh  g-1  when  the 
current  density  is  back  to  500  mA  g-1  after  70  cycles  of 
discharge-charge,  and  it  is  almost  equal  to  the  capacity  of  the 
initial  ten  cycles  at  the  current  density  of  500  mA  g-1.  While  the 
capacities  of  ZCO  and  NCO  can  only  rebounded  to  -830  and 
-640  mAh  g-1,  respectively.  Therefore,  it  can  be  concluded  that 
the  controllable  doping  of  Ni  content  can  conduce  to  a  better  rate 
performance. 
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Fig.  8.  Cycling  performance  of  as-prepared  ZCO,  ZNCO,  and  NCO  electrodes  for  200 
cycles  at  a  large  current  of  1500  mA  g  \  respectively. 

In  order  to  investigate  the  long  cycling  performance  at  a  large 
current  density,  Fig.  8  shows  the  cycling  performance  of  as- 
prepared  products  at  a  large  current  density  of  1500  mA  g-1  for 
200  cycles.  It  can  be  observed  that  the  reversible  capacities  of  all  the 
electrodes  exhibit  an  obvious  decreasing  tendency  during  30-60 


cycles.  Interestingly,  the  electrode  of  coral-like  ZNCO  nicely  yields  a 
discharge  capacity  of  -730  mAh  g"1  after  200  cycles,  while  the 
electrodes  of  ZCO  nanospheres  and  NCO  nanoflakes  just  retain  at 
-615  and  -450  mAh  g-1  by  the  200th  cycle,  respectively.  The 
retained  reversible  capacity  of  coral-like  ZNCO  is  almost  two  times 
higher  than  the  capacity  of  372  mAh  g-1  given  by  commercial 
graphite.  The  reasons  for  the  obvious  capacities  decrease  maybe  as 
follows  [22,63-65]:  (1)  the  continuous  loss  of  active  materials  due 
to  the  embedding  of  metallic  cobalt,  zinc  and  nickel  in  L^O  matrix 
partially,  especially  it  occurs  at  a  high  rate;  (2)  the  aggregation  of 
the  active  species  to  large  clusters  cannot  be  fully  eliminated;  (3) 
the  structure  strain  of  the  electrode  material  is  unavoidable  during 
cycling  even  though  the  sufficient  free  space  of  porous  nano¬ 
structure  may  accommodates  the  volume  variations  of  the  active 
materials,  which  leads  to  a  portion  of  active  materials  failure. 

The  SEM  images  of  the  electrodes  (Fig.  9)  after  200  dis¬ 
charge-charge  cycles  were  employed  to  further  explain  the 
excellent  electrochemical  behavior  of  the  coral-like  ZNCO.  All  the 
cracks  in  SEM  images  can  be  attributed  to  the  repeated  volume 
change  by  conversion  reaction  between  metal  oxides  and  metals.  It 
can  be  observed  from  Fig.  9(a  and  b)  that  the  texture  of  the  ZCO 
nanospheres  (marked  with  white  cycles)  can  be  well  retained,  and 
the  surface  of  the  electrode  is  smooth  except  some  nanocracks 
(marked  with  white  arrows)  for  the  formation  of  SEI  film.  The 
morphology  of  the  coral-like  ZNCO  obtained  by  using  element  Ni  to 
substitute  partially  element  Zn  in  ZCO  nanospheres  is  shown  in 
Fig.  9(c  and  d).  Obviously,  some  narrow  cracks  and  many  nanopores 


Fig.  9.  Typical  SEM  images  of  ZCO  nanospheres  (a  &  b),  coral-like  ZNCO  (c  &  d),  and  NCO  nanoflakes  (e  &  f)  electrodes  after  200  cycles  at  a  current  of  1500  mA  g  \  respectively. 


X.  Song  et  al.  /  Journal  of  Power  Sources  269  (2014)  795-803 


803 


(marked  with  white  cycles  and  arrows)  present  on  the  surface  of 
the  electrode  due  to  a  slight  volume  change  caused  by  the  doping  of 
Ni.  However,  on  the  one  hand,  these  narrow  cracks  and  nanopores 
will  not  lead  to  the  detachment  of  the  anode  materials  from  the 
current  collector  and  the  failure  of  the  active  materials.  On  the 
other  hand,  they  not  only  offer  a  short  pathway  for  Li+  diffusion,  but 
also  increase  the  opportunities  for  the  contact  between  Li+  and 
active  materials.  While,  such  as  the  morphology  of  the  NCO  elec¬ 
trode  shown  in  Fig.  9(e  and  f),  a  large  clusters  of  dendritic  crystals 
(marked  with  white  cycles)  emerging  on  the  surface  of  the  elec¬ 
trode  lead  to  the  pulverization  of  electrodes  and  the  detachment  of 
active  materials  from  the  current  collector.  So,  a  certain  amount  of 
element  Ni  doping  could  improve  the  electrochemical  performance 
to  a  great  extent. 

4.  Conclusions 

In  summary,  a  simple  typical  co-precipitation  method  followed 
by  a  thermal  annealing  procedure  in  air  atmosphere  is  applied  to 
synthesize  the  ZCO  nanospheres,  coral-like  ZNCO  and  NCO  nano¬ 
flakes  with  porous  nanostructures.  The  anode  materials  of  coral¬ 
like  ZNCO  with  high  initial  coulombic  efficiency,  good  cyclic  abil¬ 
ity  and  excellent  rate  performance  were  obtained  by  substituting 
the  element  Zn  with  element  Ni  in  the  spinel  binary  cobalt-based 
metal  oxides.  This  research  not  only  proves  the  metallic  elements 
doping  methods  could  change  the  morphologies  and  the  electro¬ 
chemical  performance  of  complexed  transition  metal  oxides  with 
spinel  cubic  structure,  but  also  reveals  the  doping  content  of 
metallic  element  is  absolutely  vital  for  the  battery  properties.  In 
addition,  the  preparation  method  used  in  this  paper  is  easy  for 
industrialization  due  to  its  inexpensive,  environment-friendly 
experiment  conditions  and  high  yield. 
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